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AHOTALIIA

Koowcywxo A.Il. JluHamiuHMiA aHA3 Ta METOAM TOJIIMIIECHHS IUIABHOCTI
X0y KOJIICHOTO TpakKTopa TMpH TPAHCIOPTYBaHHI pPIJKUX BaHTaXIB. —
KBamidikariitHa HaykoBa Ipailsi Ha MpaBax PyKOIHCY.

Hucepraiiisi Ha 3100yTTS HAYKOBOTO CTYIEHSI JOKTOpa TEXHIYHUX HAyK 3a
crietiasibHIicTIO 05.22.02 « ABTOMOOLTI Ta TpakTopu» (13 MexaHiuHa iHXeHepisd Ta
27 Tpancnopr). — HamionanbHUl TEXHIYHMIA YHIBEpCUTET «XapKiBChKUH
MOMITEXHIYHUHN IHCTUTYT», MIHICTEPCTBO OCBITH 1 HaykHu YKpainu, Xapkis, 2021,

JlucepTaliito MPHUCBSIYEHO PO3B’A3aHHIO HAYKOBO-TIPUKIIATHOI MpoOieMu
NOJIMIIEHHS JUHAMIYHUX BJIACTHBOCTEH PYyXy KOJICHUX TPakTOpPIB MpHU
TPaHCHOPTYBAHHI PIAMHU B IUCTEPHAX CUTILCHKOTOCIOIAPCHKOTO MPU3HAYCHHS 32
paxyHOK BH3HAUYEHHS PAIllOHAIIBHUX CXEM Ta MapaMeTpiB KOHCTPYKLII MalIuHHO-
TPaKTOPHOIO arperary JJjis 3MEHIIEHHS HEraTMBHOTO BIUIMBY HHU3bKOYACTOTHHX
KOJIMBaHb TTOBEPXHEBOIO IIApy PIAUHU Y IUCTEPHI HA MOKA3HUKH TJIABHOCTI X0y
TpakKTopa.

AHamni3ytoud ICHYIOUl JOCIHIJKEHHS, SKI TOB’s3aHI 3 BHUKOPUCTAHHIM
KOJICHUX TPAaKTOpPIB HAa TPAHCIOPTHUX poOoTax, OyJI0 BCTAaHOBIEHO, IO
BUPOOHMKM TPAKTOPHOI TEXHIKA [l arpapiiB MOCTIMHO 30UIBIIYIOTH il
MPOAYKTUBHICTh — II€ 3YMOBIIOE O 30UIBIICHHS BaHTAXXOITTHOMHICTD
TPaHCIIOPTOBAHUX arperariB Ta MiABUINEHHS TPAHCIIOPTHUX IMIBUAKOCTeH. Taka
TCHJICHIIII HETraTUBHMM YHWHOM BIUIMBAa€ Ha JHWHAMIYHI BJIACTHUBOCTI pyXY
TPaKTOPHHUX IUCTEPH MPHU iX YaCTKOBOMY 3allOBHEHHI, SIKE BIIOYBAETHCS B yMOBaX
KOJIMBAJILHOTO pyXy 0araTOTOHHMX Mac PIAWMHU B3JOBXK i1 BUILHOT moBepxHi. He
BUBUYCHOIO 3aJIMIIAETHCS MOMKJIMBICTh PO3MOBCIOKCHHS KOJUBAHHS PIAWHHU 3
IUCTEpPHU 4Yepe3 3UiMHUN TPUCTPId Ha MIAPECOPEHY YaCTHUHY TpaKTopa.
HenoctaTtHhO BUCBITIEHO THUTAHHS BUHWKHEHHS AaBTOKOJMBaHb MpU  TPHU
MPSIMOJTIHIHHOMY PYC1 KOJIICHOTO TPaKTOpa 3 IUCTEPHOIO.

ChopmynpoBana 3aranbHa METOAWKA MAaTEMaTUYHOTO MOJICTIOBAHHS
KOJIMBaHb PIAMHU Y TPAKTOPHIN ITUCTEPHI, SKa Ma€ BUIbHY MoBepxHI0. Ha ocHOBI

BUKOpUcTaHHsA piBHsAHHS Hap’e-CTokca A 130T€pMIYHOTO PyXy HBIOTOHIBCHKOT
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B'SI3K0i HECTUCJIMBOI PIAMHM, a TakoxX ¢opmynu Jlarumaca it CUIM TOBEPXHEBOTO
HaTsATy, (opmamizoBano (i3WYHYy MOJENh 30yKEHHS HH3bKOYACTOTHHX
MOBEPXHEBUX KOJIMBAHb PIAVMHU 1 aHATITWYHI BHUpPA3W ISl BU3HAYEHHS YacTOT
BUTHHUX KOJIMBaHb. 3alPOTIOHOBAHO OOYMCITIOBATH KOJIMBAJIBHUI MPOIIEC PIIUHA B
TPAKTOPHIN IUCTEPHI NIIAXOM BBEICHHS YMOBHHX (IapIiajJbHUX) OCIHUISATOPIB,
K1 MalOTh KOHKPETHI BaroBi, IHEPIiiH1, IPYKHI Ta TUCUIIATUBHI XapaKTEPUCTUKH.
ExcrieppuMeHTansHO  JTOBEIEHO JAOIUIBHICTD BUKOPHCTAHHS MaTEeMaTHYHHX
QITOPUTMIB, SIKI BU3HAYalOTh YaCTOTH BUIBHUX KOJMBAaHb PIIUHU B €MHOCTI,
[UIIXOM TMOPIBHSIHHS TEOPETUYHUX Ta EKCIEPUMEHTAIbHUX 3HAuY€Hb MEpPiOofiB
KOJIUBaHb ISl PIIMHU PI3HOI B’S3KOCTI. BH3HAYEHO BEIWYMHU JEKPEMEHTIB
3aracaHHs KOJIMBaHb PIJUHU PI3HOI B’SI3KOCTI 3311 WOTO BUKOPHUCTAHHS MPHU
NOJAJIBIIMX PO3paxyHKax HEJIIHIMHOT MOJIEN PYXy PIAUHU B IUCTEPHI.

HaBenena koHIeriisi BU3HaYEHHS BUIbHUX KOJUBaHb KOJICHOTO TPakTopa 3
[MCTEPHAMHU Ha TPAHCMOPTHUX pobOoTax. lIperncraBieHo JiHeapi30BaHy MOJEIb
MOB’A3aHUX TO3/I0OBXKHIX KOJMBaHb KOJICHOTO TpakTopa 3 MPUUINHOK Ta
HAIIBIPUYITHOIO ITUCTEpHAMH. MoJienb J103BOJIsi€ 3HAUTHU CIIEKTP HASBHUX YacTOT
BUIBHMX MEXaHIYHMX KOJMBaHb Yy HU3bKOYACTOTHOMY Jiama3oHi, a TaKoX
mpoaHanizyBat (OpMHU B3a€EMOIOB’SI3aHUX PYXIB €JIEMEHTIB, aMIUIITYyId SKUX
HOPMOBaHI 3a iX BKJIAJOM JI0 3arajbHOi KIHETHMYHOI eHeprii KoJMBaHb. 3a
JIOIOMOTOI0  TIPOBEACHOTO  JIMHAMIYHOTO  aHalli3y TOMIYEHO BHHUKHEHHS
JUHAMIYHOI HECTIMKOCTI (TajJonmyr4yoro pe30HAHCYy MPHUYINHOI IUCTEPHH).
Biakputi HOBI CHEKTpajibHI €(EeKTH, 0 [T03BOJSIOTh PO3BUHYTH KIACUUYHY
TEOPII0 KOJIMBaHb Ta MIAHATH €(PEKTUBHICTH ii MPUKIAAHUX METOJIB 3a PaxyHOK
IIBUIKOTO BU3HAYCHHS HEOE3MEUHUX Ta HANOUIBII HANIPYKEHUX PEKUMIB pOOOTH
arperary. 3a pe3yjibTaTaMHM aHaIi3y YacTOT BUIBHUX KOJIMBAaHb BHUKOHAHE
CTPYKTYPHE YKPYIMHEHHS MaTeMaTUYHOT MOJIEJII MAallTMHHO-TPAKTOPHOTO arperary.

CdopmoBaHo HemiHIMHY MaTeMaTHUYHY MOJIEIb IOB’A3aHUX KOJUBAHb
KOJIICHOTO TpakTopa 3 MPHUYINHOI Ta HAIMIBOPUYINHOW LUCTepHaMu. Mojenb
JO3BOJISIE  JIOCTI/DKYBAaTH BIUIMB TEPEPO3NOIIITY Mac pIIMHA HAa TEXHIKO-

eKCIUTyaTalliiiHi MOKa3HUKK KOJICHOTO TpPaKTOpa NpH BUKOHAHHI TPAHCHOPTHOI
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poOOTH 3 TMEpeBE3eHHS PIJKOTO BAHTAXY. 3alPOIIOHOBAHO [T MATEeMaTHYHOTO
TECTYBAaHHS JUHAMIYHUX SKOCTEH TPAHCHOPTHOrO 3ac00y OMUCYBAaTH HEPIBHOCTI
JIOPOYKHBOTO TIOKPHUTTSI JIBOMAa TapMOHIKaMH, Kl MarOTh, BIAMOBIAHO, BEIUKY (Y
Jiana3oHi JACKITBKOX COTEHb METpPIiB) Ta Maiy (y Aiama3oHi ACKITBKOX METPIB)
JTOBXUHY XBUJi. Po3po0ieHO MeToj] BU3HAYEHHS JTOBKUHU XBUJI1 JTOPOKHBOTO
MOKPUTTS, sIKa MPHU3BOJUTH IO PE30HAHCHOTO 30UIBIICHHS aMIUNITYIU KOJIUBaHb
PIAMHU y LKUCTEPHI, IO BIUTUBAE HA JUHAMIYHI BIACTHBOCTI KOJICHOTO TPAKTOPA.
[IpoBeaeHO eKCHEepUMEHTAIbHE JIOCHIIKEHHS 3 METOI0 IMiJATBEPHKCHHS
TEOPETUYHUX 3AJIEKHOCTEH, SKI OMUCYIOTh JUHAMIKY IMO30BKHBO-KyTOBOTO Ta
BEPTUKAJIIBHOTO PYyXy KOJICHOTO TPAKTOpa 3 MPHUYINMHOI Ta HAMIBIPUYIITHOIO
UCTEpHAMHU [P BUKOHAaHHI TPAHCHOPTHOI poOOTH. BHKOHAaHO JOCHIIKEHHS
pIBHIB NPUCKOPEHb Ha CHJIHHI ONEpAaTopa-BOAIS KOJICHOTO TpakTopa Mpu
MEPEBE3CHHI PIIKMX BAaHTAXIB 3 PI3HUM PIBHEM HANIOBHEHHS LIUCTEPH, Ha OCHOBI
SKMX BCTAHOBJICHO MEPEIYMOBH JI0 MOBHOT'O aHAJi3y HU3bKOYACTOTHUX KOJIMBAHb
HUISIXOM JIOCTIKEHHS IJIABHOCTI X0y KOJIICHOTO TPaKTOpa 3 IUCTEPHOIO.
BcraHoBieHO B3a€MO3B’A30K MK PIBHEM HAIOBHIOBAaHOCTI LIUCTEPHHU Ta
MOKa3HUKOM IIJIABHOCTI XOJy KOJICHOTO TpakTopa. A came, NMpU MaJlUX PIBHSX
PIAMHU BEPTUKAJIbHI MPUCKOPEHHS Ha CHAIHHI OmepaTopa-BOMAIS B PE30HAHCHIN
30HI HAaMIBOPUYIITHOTO arperary 3MIHIOIOThCS 3a CTYNEHEBOI (YHKIIEK 10
MOMEHTY BUPIBHIOBAaHHS Mac MK TPakTOpoMm Ta uucrepHoro. Ilpu crniBmananHi
Mac arperary Ta TpakTopa pe30HaHCHA 30HA HAIMIBIPUYIMTHOTO arperaty BXOJUTh B
PE30HAHCHY 30HY OCTOBA TPakTOpa. 3HAYHUN BILJIUB HAa MOKAa3HUK MJIABHOCTI XOIY
KOJIICHOTO TpakTopa TMpW TPAHCIOPTYBAaHHI LWCTEPHU 3AIMCHIOIOTh IIMHU
TpakToOpa 1 HAMIBOPUYINIHOTO arperatry. [Ipu 3HMKEHHI THCKY B IIMHAX TPaKTOpa
JIOCATAETHCSI 3MEHIIEHHS BEPTUKAIBHUX MPUCKOPEHh B PE30HAHCHUX 30HaX
NEpPEeIHROT0 MOCTa Ta OCTOBA TPAaKTOpa. A MpU 3HWKEHHI THCKY B IIMHAX
HAIIBIPUYIITHOTO arperaty BIAMOBITHE 3MEHIICHHS BEPTHKAJIBLHUX MPUCKOPEHB
CTIOCTEPIraeThCs B YCIX PE30HAHCHHUX 30HaX MAlTMHHO-TPAKTOPHOTO arperary.
KirouoBi cnmoBa: TpakTOp KOJICHUW, ITUCTEpPHA, POOOTH TPaHCTIOPTHI,

KOJIMBAaHHS, BUIbHA TIOBEPXHS PIAUHU, JUHAMIKA PyXY, IJIaBHICTh XOAY, AMHAMIYHI
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ABSTRACT

Kozhushko A.P. Dynamic analysis and methods to improve the smoothness
of the wheeled tractor when transporting liquid cargo. — Manuscript.

The thesis for the degree of doctor of technical sciences, specialty 05.22.02
"Cars and tractors" (13 Mechanical Engineering and 27 Transport). — National
Technical University "Kharkiv Polytechnic Institute”, Ministry of Education and
Science of Ukraine, Kharkiv, 2020.

The dissertation is devoted to the solution of the scientific and applied
problem of improving the dynamic properties of the movement of tractors when
transporting liquid in agricultural tanks by determining rational schemes and
design parameters of the machine-tractor unit to reduce the negative effect of low-
frequency oscillations of the surface layer of the liquid in the tank on the indicators
of the smoothness of the tractor.

Analyzing the existing research related to the use of tractors in transport
operations, it was found that manufacturers of tractor equipment for farmers are

constantly increasing its productivity - this leads to an increase in the carrying
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capacity of the transported units and an increase in transport speeds. This trend

negatively affects the dynamic properties of the movement of tractor tanks when
they are partially filled, which occurs under conditions of oscillatory movement of
multi-ton masses of liquid along its free surface. The possibility of the propagation
of the oscillation of the liquid from the tank through the coupling device to the
sprung part of the tractor remains unexplored. The issues of the occurrence of self-
oscillations during the rectilinear movement of a wheeled tractor with a tank are
not sufficiently covered.

A general method of mathematical modeling of fluid oscillations in a tractor
tank, which has a free surface, is formulated. Based on the use of the Navier-
Stokes equation for the isothermal motion of a Newtonian viscous incompressible
fluid, as well as the Laplace formula for the surface tension force, a physical model
of the excitation of low-frequency surface oscillations of a fluid and analytical
expressions for determining the frequencies of free oscillations are formalized. It is
proposed to calculate the oscillatory process of a liquid in a tractor tank by
introducing conditional (partial) oscillators, which have specific weight, inertial,
elastic and dissipative characteristics. The expediency of using mathematical
algorithms that determine the frequencies of free oscillations of a liquid in a
container by comparing the theoretical and experimental values of the periods of
oscillations for a liquid of different viscosity has been experimentally proved. The
values of damping decrements of fluid oscillations of different viscosity are
determined for its use in further calculations of a nonlinear model of fluid
movement in a tank.

The given concept of determining the free vibrations of a wheeled tractor
with tanks during transport operations. Linearized model of coupled longitudinal
vibrations of a wheeled tractor with trailed and semi-trailed tanks is presented. The
model makes it possible to find the spectrum of available frequencies of free
vibrations in the low-frequency range, as well as to analyze the forms of
interrelated movements of elements, the amplitudes of which are normalized by

their contribution to the total kinetic energy of vibrations. With the help of the
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performed dynamic analysis, the appearance of dynamic instability (galloping

resonance of a trailed tank car) was noticed. New spectral effects have been
discovered that make it possible to develop the classical theory of oscillations and
increase the efficiency of its applied methods by quickly identifying the most
dangerous and most stressful operating modes of the unit. Based on the results of
the analysis of the frequencies of free vibrations, the structural enlargement of the
mathematical model of the machine-tractor unit was carried out.

A nonlinear mathematical model of coupled oscillations of a wheeled tractor
with trailed and semi-trailed tanks has been formed. The model makes it possible
to study the effect of the redistribution of liquid masses on the technical and
operational indicators of a wheeled tractor when performing transport work for the
transportation of liquid cargo. It is proposed for mathematical testing of the
dynamic properties of a vehicle to describe the irregularities of the road surface by
two harmonics, which have, respectively, large (in the range of several hundred
meters) and small (in the range of several meters) wavelength. A method has been
developed for determining the wavelength of the road surface, which leads to a
resonant increase in the amplitude of fluid oscillations in the tank, which affects
the dynamic properties of a wheeled tractor.

An experimental study was carried out to confirm the theoretical
relationships describing the dynamics of the longitudinal-angular and vertical
movement of a wheeled tractor with trailed and semi-trailed tanks when
performing transport work. Studies of the levels of acceleration on the driver's seat
of a wheeled tractor during the transportation of liquid cargo with different levels
of filling of tanks were carried out, on the basis of which the prerequisites for a
complete analysis of low-frequency oscillations were established by studying the
smoothness of the wheel tractor with a tank.

The relationship between the level of filling of the tank and the indicator of
the smoothness of the wheel tractor is established. In particular, at low liquid
levels, the vertical accelerations on the driver's seat in the resonance zone of the

semitrailer unit change according to a power function until the masses are
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equalized between tractor and tank. When the masses of the unit and the tractor

coincide, the resonance zone of the semitrailer unit enters the resonance zone of
the tractor frame. A significant influence on the indicator of the smoothness of the
wheel tractor during the transportation of the tank is carried out by the tires of the
tractor and the semitrailer unit. With a decrease in the pressure in the tires of the
tractor, a decrease in vertical accelerations in the resonance zones of the front axle
and the tractor frame is achieved. And with a decrease in the pressure in the tires of
the semitrailer unit, a corresponding decrease in vertical acceleration is observed in
all resonance zones of the machine-tractor unit.

Key words: tractor, transport works, oscillations, dynamics of movement,

smoothness of course, concept, measurements, methodology.
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